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Abstract 
Hydrogenated microcrystalline silicon(ȝc-Si:H) thin films with deposition rate of over 2 nm/s were prepared by very high 
frequency plasma-enhanced chemical vapor deposition under high working pressure and high power, using a shower-head 
cathode. The effects of working pressure and electrode distance on the microcrystalline silicon growth rate and crystallization 
fraction were studied. We found that thin films with high deposition rate (Rd) and simultaneously proper crystallization fraction 
could be obtained only when these two parameters have good matches. After that, the intrinsic layer was further optimized by 
modifying silane concentration. The performance of solar cells was improved by controlling the silane input time which reduced 
the incubation layer thickness and then improved the quality of the p/i interface. After this initial optimization, a ȝc-Si:H single-
junction p-i-n solar cell with the conversion efficiency of 5.3% was deposited at the Rd of 2 nm/s in a single chamber. 
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1. Introduction 
Microcrystalline silicon is an attractive low band gap absorber material for integration in the thin-film solar cells. 
Relative to the amorphous silicon, microcrystalline silicon has much less light induced degradation. At the same 
time, it can be composed with other thin film solar cells to form tandem solar cell, improving the photovoltaic 
conversion efficiency [1-5]. As ȝc-Si:H is indirect gap semiconductor and the absorption coefficient in the long 
wavelength range (>800 nm) is low, the absorber thickness of microcrystalline cells has to be in the order of at least 
1-3 ȝm to ensure a sufficient absorption of sunlight. Microcrystalline silicon thin film usually needs high hydrogen-
diluted condition for preparation, which essentially leads to low deposition rate. To reduce production costs, high 
deposition rate of intrinsic microcrystalline silicon materials must be achieved [6]. For further cutting down the costs, 
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we choose a single chamber for high rate microcrystalline silicon study, which is an economically promising 
alternative to expensive multi-chamber systems [7]. 
In this article, we firstly discuss the effects of deposition pressure and electrode distance on the microcrystalline 
silicon material properties, finding the available knobs to get high deposition rate in our system. By adjusting the 
silane concentration, microcrystalline silicon material was optimized. We also discuss the effects of different silane 
input time on the structural characteristic and the performance of solar cells. Finally we present the result of ȝc-Si 
solar cell using photovoltaic i-layer with the rate of 2.1 nm/s in a single chamber.  
2. Experiment  
Microcrystalline silicon materials and solar cells were deposited in a single-chamber VHF-PECVD system. The 
plasma was ignited between two electrodes. The area of substrate (grounded electrode) is 7×7 cm2, and the area of 
power electrode, a shower head cathode as power and gas injector, is 12×12 cm2. The electrode distance can be 
adjusted from 5mm to 45mm. The intrinsic layers were deposited on Eagle 2000 glass substrates that were 
chemically etched in HF acid (1%) for 7 min. The solar cells structure employed in this study was glass/ZnO/ p-ȝc-
Si:H/i-ȝc-Si:H/n-a-Si:H/ZnO/Al with an active area of 0.25 cm2. The input power density of all i-layer was fixed at 
1.3W/cm2. The thickness of solar cells was in the range 1.2-1.4­m. All types of layers were subsequently prepared 
at 80 MHz using SiH4/H2 gas mixture and TMB (trimethyl boron) /PH3 as doping gas separately in a single chamber 
under a substrate temperature of 470K(§195 )ć .  
The deposition time for i-layer was adjusted to obtain the thickness of approximately 0.5 ȝm. The thickness of 
the materials and solar cells was measured with a step profiler (Dektak 150, VEECO). Photo- and dark- conductivity 
were calculated from the current measurement using the method of coplanar Al electrodes. Raman spectra 
measurements were used to investigate the structure evolution along the growth direction by the excitation light with 
various wavelengths, including 325 nm, 488 nm and 632.8 nm. The Raman spectra were fitted by three Gaussian 
curves with peaks at 480 cm-1, 500 cm-1, and 520 cm-1, which represent the amorphous phase, grain boundary, and 
crystalline phase of silicon respectively [8]. Crystalline volume fraction (Xc) were calculated by the ratio of the 
integration of the crystalline phase and grain boundary to that of total. [9] Xc=˄I500+I520˅/˄I480+I500+I520˅. 
Current-voltage (J–V) characteristics were measured under an AM1.5 solar simulator (100 mW/cm2) at 25 .ć  
3 results and discussion 




Fig. 1. Variations of Rd (squares) and Xc (stars) of 
silicon films as function of pressure at a 
constant electrode distance of 7 mm.
Fig. 2. Variations of Rd (squares) and Xc (stars) of 
silicon films as function of distance at a 
constant pressure of 933 Pa. 
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Firstly, we just changed the gas pressure at a constant electrode distance of 7 mm, meanwhile keeping other 
parameters fixed. The results are shown in figure 1, by squares as the deposition rate (Rd) and by stars as the 
crystalline volume fraction (Xc). The Rd and Xc increase and both saturate at the pressure of 733 Pa. Then with the 
pressure increasing further, a monotonic decrease of the Xc appears, and at the same time the Rd slightly decreases 
until 866 Pa and then increase again.  
In our experiments, when the total pressure increased, the silane concentration (SiH4 / H2) was kept constant, 
which means that the silane partial pressure increased; thus the probability of the decomposition of silane and the 
spread of reactive molecules to the reaction surface both increased. The higher pressure also results in higher 
electron density. So the growth rate of films is improved. However, with the increase of the pressure, we kept 
constant power density at the same time, which leads to the lower electron temperature and then the lower ability to 
decompose silane. If the partial pressure of silane is too high, the power density is not enough to decompose silane. 
The reaction between these undecomposed silane molecules and other growth precursors, such as SiH2, will result in 
the formation of powder, which decelerate the deposition rate and make the quality of materials deteriorated. Under 
this situation, the enhancement of power, which will augment the electron energy and then improve the 
decomposition silane, is an effective way to acquire high deposition rate. 
When the pressure is too low (666 Pa), exorbitant electron temperature would cause high energy ion 
bombardment which will induce the low Xc of the materials. Contrarily when the pressure is too high, electron 
temperature is not strong enough to decompose the gas molecules and generate enough hydrogen atoms. Meanwhile, 
the concentration of silyl species increases but hydrogen atoms decreases due to the hydrogen abstraction reaction [10] 
H+SiH4ĺSiH3 +H2 in the gas phase. These factors will be harmful for the growth of microcrystalline phase silicon; 
because it is known that atomic hydrogen Àux per monolayer deposition is a key parameter strongly promoting the 
Xc [11]. 
3.2 Effect of electrode distance on the deposition rate and crystalline rate of materials 
Figure 1 shows that the highest deposition rate can be obtained when the deposition pressure is 933 Pa. So the 
next we just fixed the pressure parameter at 933 Pa, then the variation of deposition rate and crystalline volume 
fraction corresponding to different electrode distances was obtained, as shown in figure 2. With the enlargement of 
electrode distance, deposition rate increases before the distance of 5 mm, and then goes down. Crystalline volume 
fraction has the familiar tendency, and the maxim value can be gained at the distance of 6 mm. 
For this phenomenon, we give the following explanations. Because of the fixed power density in our experiments, 
the electric field is very strong when the electrode distance is too small. The high ion bombardment resulted from 
that high electric field has the negative effect impinging to the film-growing surface during the formation of ȝc-Si:H. 
With the increase of electrode distance, plasma reaction space enlarges, spatial response increases, and then the 
deposition rate increases gradually. However, when the electrode distance is too large, the electron temperature and 
density will significantly decrease because of the weak electric field. Furthermore, the occurrence probability of the 
hydrogen abstraction reaction increases due to the enlargement of the reaction space. As a result of these causes, the 
Xc reduces, as well as the deposition rate greatly. 
3.3 Optimization of the intrinsic microcrystalline silicon materials  
The above studies show that the deposition pressure and electrode distance should be strictly matched. That is 
how we can get micro-crystalline silicon with a high deposition rate in our system rapidly. However the electrical 
properties of materials are properly poor and the photosensitivity of the best material was only 60. They are not 
eligible to be used as an intrinsic layer in solar cells. We have already known that high pressure is effective to 
reduce the electron temperature in plasma, and the reduced energy of ion bombardment is responsible for the 
preferential growth of ȝc-Si:H [12]. So we further increase the pressure. With an optimization of deposition pressure 
(1200 Pa) and electrode distance (5 mm, this was the minimum distance in our system.), the electrical properties of 
materials were studied by changing the silane concentration (SiH4/ H2). Results are shown in figure3 and 4. With the 
increase of silane concentration, deposition rate increases but Xc reduces, showing the properties of amorphous 
materials; meanwhile dark conductivity increases to 5×10-8 s/cm and then drops dramatically, and the 
photosensitivity increases gradually. 
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With the decrease of silane concentration, the dark conductivity of materials increased, which was mainly 
determined by an increase in the density of free carriers (electrons, holes) due to the lower band gap in the 
crystalline phase[13]. But when the Xc reached to 59% (2%), the dark conductivity reduced. This is probably due to 




3.4 solar cells 
The materials above were applied in solar cells. Because microcrystalline silicon p layer also has the role of seed 
layer in ȝc-Si:H solar cell, improving the Xc of subsequently deposited i layer [14], and different substrates also 
have certain influence on microcrystalline silicon follow-up growth [15], the silane concentration in the solar cells 
was chosen as 3% finally and the other conditions were kept invariable.  
To optimize the performance of solar cells, sample A-E were prepared. The difference between them was the 
time when the SiH4 flow switching on, just as shown in figure.5. Table.1 shows that controlling the silane input time 
can improve the short-circuit current and the fill factor, but the open circuit voltage decreases slightly.  
 
Fig. 5. sample A-E were prepared all by H2 flow in the chamber since 10 min before starting the plasma, and the 
difference was the time when the SiH4 flow switching on. Sample A was deposited by SiH4 and H2 flow both 
into the chamber since 10 min before starting the plasma (10 min before). Sample B means SiH4 flow enter the 
Fig. 3. Variations of Rd (squares) and Xc (stars) of silicon 
films as function of silane concentration (%), 
meanwhile keeping other parameters fixed (5mm, 
1200Pa, 1.3W/cm2).
Fig. 4. Variations of dark conductivity (squares) and 
photosensitivity (stars) as a function of silane 
concentration (%), meanwhile keeping other 
parameters fixed (5mm, 1200Pa, 1.3W/cm2).
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chamber since 20 s before starting the plasma (20 s before). Sample C was “10 s before”. Sample D was 
deposited by start the plasma synchronously putting the SiH4 flow in (0 s). Sample E was fabricated by starting 
the plasma with no silane flow at all, leaving only hydrogen plasma for the first 10 s (10 s after).  
 
In the detection of Raman spectra, the relationship between the detection depth (RCD) and the light absorption 
coefficient (a) of different wavelengths in the film is such as RCD=1/(2Į) [8]. So the Raman collection depth can be 
estimated by absorption coefficient (Į) of different wavelengths in ȝc-Si:H. The detection depth of 488 nm laser is 
about 50 nm, and about 500 nm for 632.8 nm laser. Figure 6 shows the Raman results of the solar cell A in which i-
layer was deposited by SiH4 and H2 introduced into the chamber simultaneously 10 min before the ignition of 
plasma. In figure.7, the graph shows the results of solar cell C in which i-layer was deposited by the procedure that 
H2 flows into the chamber 10 min before igniting plasma and SiH4 just 10 s before. It can be conclude from these 
two graphs that the Xc of the i layer increases and the thickness of the incubation layer reduces in the solar cell C. 











Table 1. Performance of solar cells (A-E) with different silane input time. 
 
What we can do to further suppress the thick incubation layer which is probably caused by a combination of the 
limited time for the growth precursors diffusing on the growing surface and the long stabilization time for the silane 
back diffusing into the active zone during high rate deposition of ȝc-Si:H. The reductive effect of the hydrogen 
plasma on the thickness of the incubation layer can be partially explained in terms of the crystallization of the (sub-) 
surface of the seed layer by hydrogen plasma [16,17]. Another explanation is found in the fact that high atomic 
hydrogen flux can increase the surface mobility [18]. As a consequence, SiH3 sited on the surface can find 
energetically favorable sites, leading to formation of atomically ordered structure (nucleus formation) [19]. 
Meanwhile, there is a delay in the system when the SiH4 gas actually flows into the active zone. So, there is a pure 
hydrogen etching plasma performed after the p layer deposition for about several seconds, which reduces the boron 
Fig. 6. Raman results of the solar cell which i layer was deposited 
by SiH4 and H2 flow both in the chamber for 10 min before 
starting the plasma (f: Raman measurement detected into 
the film from the n-layer direction; b: Raman measurement 
detected into the film from the p-layer direction; 488, 633: 
the excitation wavelengths of 488 nm and 632.8 nm 
separately). 
Fig. 7. Raman result of the solar cell 
which i layer was deposited by H2 
flow in the chamber for 10 min 
and SiH4 for 0 s before igniting 
the hydrogen plasma. 
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contamination in the intrinsic layer. Of course, more works also need to be done in order to identify the detailed 
process. 
We have the best results at C point (10 s before), which improves the efficiency by 20% relative to A point (10 
min before). However, the performance of solar cell prepared at D point get worse, which was maybe caused by the 
incresment of defect density at p/i interface. The optimal silane input time has great relationship with the system 
structure, the reaction situation, the characteristic of p-layer, the situation of p/i interface and so on.  
Further progress in solar cell efficiency has been made by the improvement of p layer and the p/i interface. As a 
result, the efficiency of 5.27% with the deposition rate of 2.1 nm/s in a single chamber was obtained. 
Fig. 8. Illuminated J-V characteristics of a 5.27% efficient ȝc-Si:H solar cell deposited  
at 2.1 nm/s in a single chamber. 
4. Summary 
We have shown that the match between the pressure and electrode distance plays a key role to get a higher 
deposition rate, and a certain crystalline volume fraction of materials. And using the method of controlling the silane 
input time, the growth of incubation layer, which is usually serious at high rate deposition, could be suppressed to 
some extent. As a result, the performance of solar cells is improved and the maximum efficiency obtained so far is 
5.3% with i-layer’s deposition rate of 2 nm/s in a single chamber. 
 
Acknowledgements 
The authors gratefully acknowledge the supports from Hi-Tech Research and Development Program of China (2007
AA05Z436, 2009AA050602), Science and technology support project of Tianjin (08ZCKFGX03500), National Basi
c Research Program of China (Grant no. 2011CB201605, 2011CB201606), National Natural Science Foundation of 
China (60976051), International Cooperation Project between China-Greece Government (2009DFA62580), and Pr
ogram for New Century Excellent Talents in University of China (NCET-08-0295). 
 
References 
 [1] J. Meier, S. Dubail, R. Flueckiger, H. Keppner, A. Shah, Appl. Phys. Lett. 65 (1994) 860. 
[2] K. Saito, M. Sano, A. Sakai, R. Hayashi, K. Ogawa, In: Technical Digest of the 12th International PVSEC, 2001, 
p. 429. 
[3] H. Keppner, J. Meier, P. Torres, D. Fischer, A. Shah, Appl. Phys. A 69 (1999) 169. 
[4] O. Vetterl, F. Finger, R. Carius, P. Hapke, L. Houben, O. Kluth, A. Lambertz, A. Muck, B. Rech, H. Wagner, 
Sol. Energy Mater. Sol. Cells 62 (2000) 97. 
[5] Y. Nasuno, M. Kondo, A. Matsuda, Jpn. J. Appl. Phys. 41 (2002) 5912. 
[6] S Suzuki, M Kondo, A Matsuda, Sol. Energy Mater. Sol. Cells 74 (1-4) (2002) 489. 
[7] U. Kroll, C. Bucher, S. Benagli, I. Schonbachler, J. Meier, A. Shah, J.Ballutaud, 
A.Howlling, Ch. Hollenstein, A. Buchel, M.Poppeller, Thin Solid Films 451-452 (2004) 525. 
[8] C Droz, Ph.D. Thesis, Universite De Neuchatel, 2003. 
[9] R.Tsu, J.Gonzalez-Femandez, S.S.Chao, C.S.Lee, and K.Tanaka, Appl. Phys. Lett 40 (1982) 534. 
278   Yang Li et al. /  Physics Procedia  32 ( 2012 )  272 – 278 
[10] G Lihui, L Rongming, Thin Solid Films 376 (2000) 249. 
[11] A.Matsuda, J. Non-Cryst. Solids 59-60 (1985) 767. 
[12] Takuya Matsui, Akihisa Matsuda, Michio Kondo, Sol. Energy Mater. Sol. Cells 90 (2006) 3199-3204. 
[13] F. Finger, S. Klein, T. Dylla, A.L. Baia Neto, O. Vetterl, R. Carius, Mater. Res. Soc. Symp. Proc. 715 (2002) 
A16.3. 
[14] T. Fujibayashi, M. Kondo, J. Appl. Phys. 99 (2006) 043703. 
[15] Swati Ray, Tapati Jana, Rajesh Das, In: 3rd World Conference on Photovoltaic Energy conversion, Osaka, 
Japan, May 11-18, 2003, p. 1784. 
[16] K. Saitoh, M. Kondo, M. Fukawa, T. Nishimiya, A.Matsuda, W. Futako, I. Shimizu, Appl. Phys. Lett. 71 (1997) 
3403. 
[17] B. Kalache, A.I. Kosarev, R. Vanderhaghen, P.R.B. Cabarrocas, J. Appl. Phys. 93 (2003) 1262. 
[18] J.E. Gerbi, J.R. Abelson, J. Appl. Phys. 89 (2001) 1463. 
[19] A. Matsuda, J. Non-Cryst. Solids 338–340 (2004) 1. 
 
